Potassium iodide (KI) doped potassium hydrogen phthalate (KHP) single crystals were grown by slow evaporation technique using millipore water as a solvent. The grown single crystals were analyzed by powder X-ray diffraction and the analysis confirmed that KI-doped KHP crystallizes in orthorhombic system with space group Pca2 1 . The functional groups were identified by FT-IR technique which showed slight shift in vibrational frequencies, indicating inclusion of dopant into the crystal lattice. The UV-Vis spectral studies revealed the optical transparency of the doped crystals in the entire visible region. The optical band gap values were estimated from Tauc plots. Kurtz-Perry powder test was employed for second harmonic generation efficiency studies of the grown crystals.
Introduction
Nonlinear optical (NLO) crystals have proven to be efficient candidates for a number of applications such as second harmonic generation (SHG), frequency mixing, electro-optic modulation, data storage etc. NLO interaction demands, in general, a material which is optically transparent to the incident light and generates radiation, possesses a quadratic susceptibility of sufficient magnitude, allows for the phase matching and withstands high intensity laser radiation. Hence, nonlinear optics is material-limited field, with practical advances largely controlled by the progress in making available improved NLO materials. It has led to the investigation of a wide variety of materials namely, inorganic crystals, organic crystals, polymers, metal-organic complexes and semi-organics for their nonlinear optical properties. The search for materials having high optical nonlinearity of organics and physical robustness of inorganics has led to the development of a class of compounds known as semi-organics. Semi-organic NLO materials have higher optical quality, large nonlinearity, good mechanical strength compared to inorganic * E-mail: rkraju.sgr@gmail.com and organic NLO materials and are good candidates for applications in the field of optoelectronics [1] . One of the advantages of semi-organics is that the bonding schemes are three dimensional, unlike in polar organic crystals, which results in stubbier habit. Potassium hydrogen phthalate crystal is an excellent semi-organic nonlinear optical material, well-known for its application in the longwave X-ray spectrometers [2] . KHP exhibits excellent optical, piezoelectric, nonlinear optical and elastic properties investigated in detail by earlier researchers [3] [4] [5] [6] [7] [8] . KHP having chemical formula K[C 6 H 4 COOH.COO] belongs to alkali acid series and has orthorhombic symmetry with space group Pca2 1 [9] . KHP having good platelet morphology with (0 1 0) cleavage plane consisting of high and low growth steps has been studied by optical microscopy [10] . KHP possesses piezo-electric, pyroelectric, elastic, nonlinear optical properties which are desirable for optoelectronics. They are also advantageous for long term stability in devices [11] [12] [13] [14] [15] [16] . The studies showed that SHG efficiency can be enhanced by organic dopants in tris thiourea zinc(II) sulfate (ZTS), ammonium dihydrogen phosphate (ADP) and KHP single crystals [17, 18] . It has been reported that ZTS single crystals doped with inorganic impurity, like potassium iodide alter their physical and chemical properties and doped ZTS nonlinear crystals may find applications in optoelectronic devices [19] . Previous studies reported urea doped potassium dihydrogen orthophosphate crystals grown by slow evaporation from aqueous solution, having low value of dielectric permittivity [20] . Impurities, like urea. Ni 2+ , Mg 2+ in ZTS material improved its crystalline perfection [21, 22] . Investigations on doping of rare earth elements revealed their influence on the mechanical, electronic and optical properties of KHP crystal [23] . Studies of the effect of alkali metal ions on KHP showed observable changes in morphology and the improvement in SHG efficiency [24, 25] . It has been reported that KCl inorganic salt doped ZTS has different surface morphology than pure ZTS crystal [26] . Laser damage threshold studies showed a considerable reduction in damage threshold and increased SHG efficiency of KDP crystals doped with La 3+ ions [27] . Studies on potassium carbonate as additive in KDP showed a decrease in the value of dielectric constant due to occupying by the additive interstitial positions, which favored frequency conversion [28] . It has been reported that Mn doped ZTS showed a change in angular position of XRD peaks due to lattice stress generated by the doping. SHG efficiency of ZTS doped with Mn, enhanced greatly at suitable dopant concentration but too high concentration did not cause any significant change due to deterioration of crystalline perfection [29] . The earlier reports showed that various dopants play a vital role in improving the crystalline perfection and optical properties of NLO material for device applications. In the present study, effect of KI with different concentrations on KHP crystals have been investigated with the help of powder X-ray diffraction, Fourier transform infrared spectroscopy, ultraviolet-visible spectral analysis and Kurtz-Perry powder test second harmonic generation measurements.
Experimental

Crystal growth
The analytical reagent (AR) KHP and KI chemicals have been used for the crystal growth using millipore water as a solvent. A saturated KHP solution was prepared under slightly acidic conditions (pH~4.9). Potassium iodide of 1 %, 5 % and 10 % molar concentrations was added (5 mL each) to the supersaturated solution of KHP. The resultant solutions were stirred for 5 h using a magnetic stirrer for homogeneous mixing and then the solutions were transferred to clean Petri dishes covered with a thin polythene sheet having perforations, and kept in dust free chamber for slow evaporation. Small crystals began to grow in 4 days to 5 days and grew larger in a time of about 15 days to 20 days. Photograph of the grown undoped and doped crystals are shown in Fig. 1 . The approximate size of the grown crystals, which had platelet morphology, was 10 mm × 8 mm × 3 mm. Large optically transparent single crystals were selected to carry out various characterizations. 
Characterization
The powder X-ray diffraction (PXRD) study was carried out in the 2θ range of 5°to 70°using Rigaku-Miniflex diffractometer with CuKα (λ = 1.5418 Å). The Fourier transform infra-red (FT-IR) spectra were recorded for all grown crystals in the range of 400 cm −1 to 4000 cm −1 using Bruker-Alpha spectrometer by KBr pellet method. Optical transparency of the grown crystals was studied using Varian Cary 5000 UV-Vis-NIR spectrometer in the range of 200 nm to 1000 nm. The second harmonic generation test was carried by Kurtz-Perry powder method using an Nd:YAG laser with the wavelength of 1.064 µm and SHG generated by randomly oriented microcrystals packed in a microcapillary tube was measured by photomultiplier tube. The frequency doubling was confirmed by emission of green color radiation.
Results and discussion
Powder XRD analysis
The undoped and KI doped KHP single crystals were subjected to powder X-ray diffraction study in the 2θ range of 5°to 70°using Rigaku Miniflex 600 (5 th generation) X-ray diffractometer with a wavelength λ = 1.5406 Å. Analysis of the data confirmed that undoped and KI doped KHP crystallize in orthorhombic system with a space group Pca2 1 . The estimated lattice parameters which are shown in Table 1 are in agreement with previously reported values [4, 23] . From the spectrum, a change in relative intensity of the peaks and a shift in the angular position of the peaks was observed. Hence, it is reasonable to believe that the dopant has entered the crystalline matrix without much distortion and produced lattice strain. The unit cell volume changed with dopant concentration without any systematic variation and the crystalline structure remainded unaltered [22, 25] . The powder XRD spectra of the samples are shown in Fig. 2. 
FT-IR spectral studies
The FT-IR spectral analysis was carried out in the range of 400 cm −1 to 4000 cm −1 . The spectra of undoped and KI doped KHP are shown in Fig. 3 . As a result of KI doping, the shift in characteristic vibrational frequencies is observed. The broadening or narrowing of some [23, 25] . Some of the stretching frequencies are given in Table 2 .
UV-Vis spectral studies
The UV-Vis analysis was carried in the range of 200 nm to 1000 nm for the grown crystals and the spectra are shown in Fig. 4 . It has been found that, the undoped and KI doped KHP crystals are optically transparent in the entire visible and near infrared region which makes them potential candidates for optoelectronic device fabrication. The good transmittance of the doped crystals in the entire visible region ensures their suitability for second harmonic generation. It is also observed that, the cut-off wavelength for undoped and doped crystals is about 320 nm and remains unchanged [25] . Decrease in the optical transparency for 10 mol% KI doping is observed due to inclusion of KI into the lattice which is favoring the promotion of electrons in π, σ and n-orbitals for excitation [27, 30] . The optical energy gap of undoped and KI doped KHP crystals was calculated from the Tauc relationship [31] and the Tauc plots are shown in Fig. 5 :
and
where a is an absorption coefficient, hν is the energy (h is a Planck constant equal to 6.625 × 10 −34 J·S −1 and ν is the frequency of incident photon in Hz), E g is the value of the optical energy gap between the valence band and the conduction band, T is the transmittance, and d is the thickness of the crystal. The factor B depends on the probability of transition and is supposed to be a constant within the optical frequency range (an energy-independent constant). From the Tauc plot, the optical band gaps were found to be 4.121 eV, 4.090 eV, 4.118 eV and 4.116 eV for undoped, 1 mol%, 5 mol% and 10 mol% KI doped KHP crystals, respectively.
Second harmonic generation (SHG) studies
Second harmonic generation (SHG) test was performed on the samples by Kurtz-Perry powder technique [32] . An Nd:YAG Q-switched laser of 1064 µm radiation with input of 1.2 mJ/pulse was 514 RAJU R.K. et al. used as an optical source and directed on finely powdered sample filled in microcapillary tube. The SHG output intensities for undoped and KI doped KHP are tabulated in Table 3 with urea and KDP as reference. It is observed that the SHG efficiency is concentration dependent. Many materials with higher molecular nonlinearity have been identified. Attainment of SHG effect requires favorable alignment of the molecules within the crystal structure which can be achieved by facilitating nonlinearity in the presence of solvent. The SHG can be enhanced by attaining the molecular alignment through formation of complexation [25] .
The enhancement in crystalline perfection could lead to an increase in NLO efficiency. KHP crystal has linear and NLO properties with centrosymmetric crystal structure, and according to the theory, it is not expected to exhibit SHG property. SHG is normally related to favorable molecular alignment facilitating nonlinearity [18] . The SHG property exhibited by undoped and doped KHP crystal is due to the p-electron cloud movement from the donor to acceptor molecules in the center of inversion symmetry or the local non-centrosymmetry caused by defects. Previous studies reported that SHG was exhibited by KHP [18] . From the data, it is observed that the SHG efficiency of KI doped KHP decreased due to the deterioration of crystalline perfection. The decrease in SHG output is due to non-favorable molecular alignment through formation of complexation of KI dopant into crystalline matrix and the disturbance of charge transfer at higher dopant concentration [33] [34] [35] . 
Conclusions
Single crystals of undoped and KI-doped KHP have been grown by slow evaporation method at room temperature. The powder XRD studies confirmed the changes in the intensity and minor shift in peak positions due to the incorporation of KI into the crystal lattice of KHP. The lattice parameters were estimated. The FT-IR studies showed slight shift in positions of the vibrational frequencies of functional groups. The UV-Vis studies revealed that the doped KHP crystal have good optical transmittance in the entire visible region which is desirable for optoelectronic applications. The powder SHG test confirmed the NLO properties of undoped and doped KHP crystals. The decrease in SHG output is due to the disturbance of charge transfer at higher dopant concentration.
